Cyclin-dependent kinase (Cdk) 5 reduces the rewarding properties of psychostimulants by dampening postsynaptic dopamine (DA) receptor signaling. Cdk5 is also present in midbrain DA neurons, where the DA transporter (DAT) is localized and limits DA neurotransmission by removing extracellular DA. Here, we tested the hypothesis that Cdk5 could also affect the disposition of DA by regulating DAT activity. Incubation of rat dorsal striatal (dSTR) synaptosomes with the Cdk5 inhibitors roscovitine, olomoucine, and 4-{ [(7-oxo-6,7-dihydro-8H-[1,3] To explore the involvement of Cdk5 in roscovitine-induced down-regulation of DAT activity, Cdk5 protein was knocked down via Cdk5-small interfering RNA by as much as 86% in porcine aortic endothelial cells stably expressing human (h)DATs. However, Cdk5 depletion did not alter hDAT activity. Taken together, our results suggest that roscovitine inhibits DAT activity independently of Cdk5; therefore, results obtained with such inhibitors should be interpreted with caution. Our study is the first to demonstrate that Cdk5 inhibitors reduce brain DAT activity via a mechanism that is independent of DAT trafficking and reverse-transport. Dopamine (DA) neurotransmission and its related neural functions underlie psychomotor control, affect, and rewarding behaviors (Schultz, 2007) . It is important that dysfunctional DA neurotransmission contributes, in part, to the clinical manifestations of Parkinson's disease, schizophrenia, and drug addiction. The DA transporter (DAT) is a plasmalemmal membrane carrier protein that contributes to spatialtemporal regulation of DA signaling. This is accomplished by the active removal of extracellular DA through functional DAT molecules, which are located on the cell surface of DA neuronal axons, varicosities, and dendrites (Nirenberg et al., 1996) . In addition to helping maintain DA homeostasis, the DAT is a molecular target of psychostimulants such as cocaine and amphetamine (AMPH) (Giros et al., 1996; Chen et al., 2006) .
H]DA uptake was explained by decreased maximal uptake velocity, without a change in cell-surface DAT levels. Roscovitine did not enhance [
3 H]DA release mediated by either DAT reverse-transport or Ca 2ϩ channels in dSTR slices. Instead, roscovitine enhanced spontaneous [
3 H]DA outflow and inhibited DAT-mediated [ 3 H]DA reaccumulation into dSTR slices. To explore the involvement of Cdk5 in roscovitine-induced down-regulation of DAT activity, Cdk5 protein was knocked down via Cdk5-small interfering RNA by as much as 86% in porcine aortic endothelial cells stably expressing human (h)DATs. However, Cdk5 depletion did not alter hDAT activity. Taken together, our results suggest that roscovitine inhibits DAT activity independently of Cdk5; therefore, results obtained with such inhibitors should be interpreted with caution. Our study is the first to demonstrate that Cdk5 inhibitors reduce brain DAT activity via a mechanism that is independent of DAT trafficking and reverse-transport. Dopamine (DA) neurotransmission and its related neural functions underlie psychomotor control, affect, and rewarding behaviors (Schultz, 2007) . It is important that dysfunctional DA neurotransmission contributes, in part, to the clinical manifestations of Parkinson's disease, schizophrenia, and drug addiction. The DA transporter (DAT) is a plasmalemmal membrane carrier protein that contributes to spatialtemporal regulation of DA signaling. This is accomplished by the active removal of extracellular DA through functional DAT molecules, which are located on the cell surface of DA neuronal axons, varicosities, and dendrites (Nirenberg et al., 1996) . In addition to helping maintain DA homeostasis, the DAT is a molecular target of psychostimulants such as cocaine and amphetamine (AMPH) (Giros et al., 1996; Chen et al., 2006) .
Significant progress during the last decade has demonstrated that DATs are rapidly regulated via trafficking-dependent and -independent mechanisms (Blakely and Bauman, 2000; Zahniser and Sorkin, 2009 ). In addition to DAT regulation by psychostimulants, several protein kinases influence DAT activity. These include cAMP-dependent protein kinase A (Pristupa et al., 1998) , protein kinase C (Daniels and Amara, 1999; Melikian and Buckley, 1999; Chen et al., 2009) , phosphatidylinositol 3-kinase (Carvelli et al., 2002) , p44/42 mitogen-activated protein kinase (MAPK) (Morón et al., 2003) , Akt (Garcia et al., 2005) , Ca 2ϩ /calmodulin-dependent protein kinase II (Fog et al., 2006) , and protein tyrosine kinases (Hoover et al., 2007) . Although many protein kinases and their inhibitors alter DAT activity by changing the number of functional cell-surface DATs, DAT phosphorylation by protein kinases can also alter DAT activity independently of changes in trafficking (Foster et al., 2006) .
Cyclin-dependent kinase (Cdk) 5 is a Ser/Thr protein kinase that is ubiquitously expressed in the adult rat brain (Zheng et al., 1998) . Cdk5 plays important roles in several neural processes, ranging from neurodevelopment and migration to synaptic transmission and plasticity (Dhavan and Tsai, 2001) . The identification of DARPP-32 as a substrate of Cdk5 provided the first evidence that Cdk5 also affects DA neurotransmission (Bibb et al., 1999) . Phosphorylation of DARPP-32 by Cdk5 diminishes postsynaptic DA receptormediated signaling (Bibb et al., 2001 ). Subsequently, it was shown that 1) repeated exposure to cocaine elevates Cdk5 expression in both dorsal striatum (dSTR) and nucleus accumbens (Bibb et al., 2001) and 2) pharmacological inhibition (Bibb et al., 2001; Taylor et al., 2007) or knockdown (Benavides et al., 2007) of Cdk5 augments cocaine-induced behavioral activation/sensitization and incentive-motivational processes. Thus, Cdk5 seems to be a compensatory negative regulator of postsynaptic DA signaling after psychostimulant exposure.
In addition to the convincing evidence for a role of Cdk5 in regulating postsynaptic DA signaling events, several studies indicate that Cdk5 may also modulate DA neurotransmission by acting presynaptically within DA neurons. It is important that Cdk5 mRNA is expressed in DA-containing brain regions such as the substantia nigra pars compacta (Chergui et al., 2004) , where Cdk5 protein colocalizes in cells immunoreactive for the rate-limiting enzyme of DA synthesis tyrosine hydroxylase (Smith et al., 2003) . Additional evidence for a role of Cdk5 within DA neurons is supported by findings that 1) Cdk5 inhibitors potentiate evoked DA release from striatal slices (Chergui et al., 2004) ; and 2) Cdk5 phosphorylates tyrosine hydroxylase, thereby enhancing its stability (Kansy et al., 2004; Moy and Tsai, 2004 ).
Here, we tested the hypothesis that Cdk5 may also rapidly regulate brain DAT activity, which would represent another presynaptic mechanism whereby Cdk5 could affect DA neurotransmission. We used rat dSTR synaptosomes and slices containing dSTR to measure the effects of several Cdk5 inhibitors on 1) specific [ 3 H]DA uptake, 2) cell-surface DAT levels, and 3) [ 3 H]DA efflux/release. Cdk5 inhibitors used here included the widely used inhibitor roscovitine and the less selective inhibitor olomoucine (Meijer et al., 1997) ; isoolomoucine, an inactive congener of olomoucine (Veselý et al., 1994) ; and the structurally dissimilar inhibitor GW8510, which displays selectivity toward Cdk5 in neuronal tissues (Johnson et al., 2005) . Porcine aortic endothelial (PAE) cells stably expressing yellow fluorescent protein (YFP)-hemagglutinin epitope (HA)-human (h)DATs (Sorkina et al., 2006) were used to explore further the findings from rat brain tissue and to test, by using Cdk5-siRNA, the involvement of Cdk5 in the pharmacological effects of roscovitine. Our findings demonstrate, for the first time, that Cdk5 inhibitors rapidly down-regulate DAT activity via a mechanism(s) that is independent of DAT trafficking and reverse-transport and probably occurs in a Cdk5-independent manner. Animals. Male Sprague-Dawley rats (150-200 g; 6-8 weeks old; Charles River Laboratories, Inc., Wilmington, MA) were grouphoused (n ϭ 4 rats/cage) on a 12-h light/dark cycle with ad libitum access to food and water. All procedures involving the use of animals were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Colorado Denver.
Materials and Methods

Materials
Cell Culture and Transfections. PAE cells stably expressing YFP-HA-hDAT were grown in Ham's F-12 medium containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA) as described previously (Sorkina et al., 2006) . DharmaFECT I transfection reagent, siGENOME nontargeting 3 siRNA (NT-siRNA), and siGENOME SMARTpool Cdk5-siRNA were purchased from Dharmacon RNA Technologies (Chicago, IL). Cells were transfected according to the manufacturer's recommendations and were processed for individual experiments 72 h after transfection. The final concentration of nontargeting siRNA for all assays was 100 nM.
Preparation of Rat dSTR Synaptosomes. dSTR synaptosomes were prepared as described in detail previously (Hoover et al., 2007) .
Synaptosomal 3 H-Ligand Uptake. Specific uptake of 3 H-ligand into dSTR synaptosomes was measured as described previously (Hoover et al., 2007) . P2 synaptosomes, resuspended in ice-cold sodium phosphate assay buffer (134 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl 2 , 1.4 mM MgSO 4 , 3.3 mM NaH 2 PO 4 ⅐H 2 O, 12.7 mM Na 2 HPO 4 , 11 mM glucose, and 1 mM ascorbic acid; pH 7.4), were incubated with drug for the indicated time at 37°C with gentle shaking. For studies in which inhibitor was washed out, synaptosomes were incubated with or without roscovitine for 30 min at 37°C with shaking. Samples were then cooled on ice, centrifuged at 12,500g for 15 min at 4°C, resuspended in ice-cold assay buffer, and recentrifuged. The (Coffey and Reith, 1994 Cell-Surface Biotinylation. Total and cell-surface (i.e., biotinylated) DAT levels from dSTR synaptosomes were measured as described in detail previously (Hoover et al., 2007) .
Immunoblotting. Immunoblots were performed on drug-treated dSTR synaptosomes, biotinylated synaptosomal preparations (see Cell-Surface Biotinylation), and YFP-HA-hDAT-PAE cells. P2 dSTR synaptosomes, resususpended in sodium phosphate assay buffer (see Synaptosomal 3 H-Ligand Uptake), were incubated with drug for 30 min at 37°C with gentle shaking. Samples were cooled on ice and centrifuged at 12,500g for 15 min at 4°C. The resulting synaptosomal pellet was resuspended in 90°C lysis buffer (1% SDS, 10 mM Trizma base, and 10 mM EDTA; pH 7.4) and sonicated. PAE cells were washed three times with Ca 2ϩ /Mg 2ϩ -free phosphate-buffered saline (CMF-PBS), and proteins were solubilized in Triton X-100/glycerol/ HEPES lysis buffer as described previously (Sorkina et al., 2005) . Protein content was measured using the bicinchoninic acid method (Pierce Chemical). Samples were placed in loading buffer (62.5 mM Trizma base, pH 6.8, 2% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 8 mM D,L-dithiothreitol, and a trace of bromphenol blue), heated for 5 min at 100°C, and stored at Ϫ80°C until use. Proteins were separated by 7.5% (DAT and PP2A-A ␣/␤ only) or 12% SDS-polyacrylamide gel electrophoresis before transferring to polyvinylidene difluoride membranes. Membranes were blocked in 5% nonfat dry milk in 0.1% Tween 20/Tris-buffered saline (140 mM NaCl and 20 mM Trizma base; pH 7.6) for 60 min at 22-25°C. Membranes were then incubated overnight at 4°C with primary antibodies diluted in 0.1% Tween 20/Tris-buffered saline containing BSA or block, as indicated: phospho-MAPK (1:2000 in 5% BSA), MAPK (1:1000 in 5% BSA), DAT (1:10,000 in 3% BSA), PP2A-A ␣/␤ (1:5000 in block), Cdk5 (1:1000 in 5% BSA), or ␤-actin (1:1000 in 5% BSA). Membranes were then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody for 60 min or 120 min (DAT immunoblots only) at 22-25°C before visualizing immunoreactive bands by enhanced chemiluminescence.
[ 3 H]DA Release from Rat dSTR Slices. Experiments measuring [
3 H]DA outflow (i.e., spontaneous release) and overflow (i.e., efflux/release above outflow) were performed according to published methods (Dwoskin and Zahniser, 1986) . In brief, after decapitation, 400-m slices were cut with a Vibratome series 1000 sectioning system and dSTR was dissected out. dSTR slices were incubated in Krebs' buffer saturated with 95% O 2 , 5% CO 2 for 30 min at 35°C with gentle shaking. Slices were then loaded with [ 3 H]DA (0.1 M) by incubating for 30 min at 35°C with gentle shaking. Individual slices were transferred to glass chambers, maintained at 35°C, and superfused with Krebs' buffer saturated with 95% O 2 , 5% CO 2 at a rate of 1 ml/min. Slices were allowed to stabilize for 75 min, when basal [ 3 H]DA outflow was present at a low, constant level. Superfusate samples from individual slices were collected at 5-min intervals. Drugs were applied as indicated under Results. For studies measuring electrically stimulated [ 3 H]DA overflow, slices were field-stimulated for 60 s (1 Hz; 2-ms delay; 2-ms duration; 0.25-0.30 V/chamber), which was repeated twice during the experiment, 60 min apart. After all samples were collected, individual slices were solubilized in TS-1 (Research Products International, Mt. Prospect, IL) for 60 min at 22-25°C to determine the amount of tritium in each slice at the conclusion of the experiment. The amount of radioactivity in all samples was determined by liquid scintillation counting.
[ 3 H]DA Uptake into YFP-HA-hDAT-PAE Cells. Specific [ 3 H]DA uptake into PAE cells was measured as described previously (Sorkina et al., 2006) . In brief, cells were incubated with drug in Krebs-Ringer HEPES buffer (120 mM NaCl, 4.7 mM KCl, 2.2 mM CaCl 2 , 1.2 mM MgSO 4 , 10 mM glucose, and 10 mM HEPES; pH 7.4) containing ascorbic acid (10 M), catechol (10 M), and pargyline (10 M) for 30 min at 37°C. Uptake was initiated by the addition of [ 3 H]DA (50 nM) for 10 min at 22-25°C. Nonspecific [ 3 H]DA uptake was determined in the presence of cocaine (1 mM). Cells were washed with Krebs-Ringer HEPES buffer and solubilized in 0.5 ml of 5% trichloroacetic acid for 60 min at 22-25°C. Radioactivity was determined by scintillation counting. Cells from sister wells were solubilized in Triton X-100/glycerol/HEPES lysis buffer for determining protein content by the bicinchoninic acid method.
Antibody Feeding Endocytosis Assay. This assay was carried out according to published methods (Sorkina et al., 2006) . In brief, cells, grown on glass coverslips, were preincubated with HA11 antibody (1:1000 in binding medium) for 60 min at 22-25°C in the presence of 5% CO 2 , washed, and incubated with drug for 30 min at 37°C. Cells were then washed, fixed with fresh 4% paraformaldehyde for 15 min at 22-25°C, and stained with the secondary anti-mouse antibody conjugated with Cy5 (1:50 in CMF-PBS ϩ 0.5% BSA) for 60 min at 22-25°C to occupy surface HA11 (i.e., surface hDAT). After washing, cells were permeabilized for 5 min with CMF-PBS ϩ 0.5% BSA containing 0.1% saponin before incubating with the same secondary antibody conjugated with Cy3 (1:500 in CMF-PBS ϩ 0.5% BSA containing 0.1% saponin) to label internalized HA11 (i.e., intracellular hDAT). Coverslips were then mounted and analyzed by fluorescence microscopy imaging as described previously (Sorkina et al., 2006) . Data Analyses. Data are presented as mean values Ϯ S.E.M. (n is number of experiments). All data were analyzed using Prism 5 for Mac OS X (GraphPad Software Inc., San Diego, CA). For all tests, the threshold for statistical significance was set at the level of p Ͻ 0.05. Concentrations producing half-maximal inhibition (IC 50 values) were determined by variable slope nonlinear regression for concentration-response data and by one-site nonlinear regression for [ 3 H]WIN35,428 binding data. Maximal uptake velocity (V max ) and substrate affinity (K m ) were estimated from [ 3 H]DA/DA uptake kinetic experiments using nonlinear regression analyses. Statistical differences between two means were determined by t tests or by one-way or two-way analysis of variance (ANOVA) for differences between more than two means. Paired t tests and repeated measures ANOVAs were used when applicable. When significant effects were observed, one-way and two-way ANOVAs were followed by Bonfer-814 roni's multiple-comparisons post-test. Densitometric analyses of immunoblots were performed using National Institutes of Health ImageJ (http://rsb.info.nih.gov/ij/). Analyses of biotinylated DATs were carried out as described previously (Hoover et al., 2007) . Fractional release of [ 3 H]DA was calculated as described previously (Dwoskin and Zahniser, 1986) . Peak overflow events after the two periods of stimulation (S1 and S2) were used for calculating the S2/S1 ratios from fractional release experiments. Area under the curve was calculated for fractional release experiments by separately summing events exceeding baseline during the 35 min after S1 (i.e., release above baseline from 20 to 55 min) and those events exceeding baseline during the 50 min after the initiation of drug superfusion (i.e., release above baseline from 60 to 110 min).
Results
Cdk5 Inhibitors Reduce DAT Activity in Rat dSTR Synaptosomes. We first investigated the time-and concentration-dependent effects of the commonly used Cdk5 inhibitor roscovitine (Meijer et al., 1997) 1A ; 32% decrease). The effect was maximal by 30 min (54% decrease) and persisted through 60 min (Fig. 1A) . Two-way ANOVA revealed a significant main effect for treatment (F 1,20 ϭ 210.30; p Ͻ 0.0001) but not time (F 4,20 ϭ 1.61; p Ͻ 0.2099). A 30-min incubation time (with no washout, except were noted) was used for subsequent studies. Roscovitine-mediated decreases in specific [
3 H]DA uptake also occurred in a concentrationdependent manner ( Fig. 1B; IC 50 ϭ 31 M) . In an additional set of experiments, roscovitine was washed out by twice centrifuging and resuspending the synaptosomes in fresh assay buffer after a 30-min preincubation with roscovitine (30 M). After drug washout, specific [ 3 H]DA uptake was no longer reduced in these synaptosomes [expressed as percentage of vehicle-treated control: vehicle, 100.0 Ϯ 4.4; roscovitine, 117.3 Ϯ 15.5; unpaired t test: t (9) ϭ 0.65, p Ͻ 0.5281]. Incubation with olomoucine, a less selective yet commonly used Cdk5 inhibitor (Meijer et al., 1997) , was equally potent and more efficacious at reducing specific [ 3 H]DA uptake ( Fig.  1C ; IC 50 ϭ 37 M), relative to roscovitine (Fig. 1B) . It is interesting that iso-olomoucine, a congener of olomoucine that lacks inhibitory activity at Cdk5 (IC 50 Ͼ 1 mM) (Veselý et al., 1994 ), decreased specific [ 3 H]DA uptake to the same extent and with a similar apparent potency as observed with olomoucine (Fig. 1C) . GW8510, a structurally dissimilar inhibitor compared with roscovitine or olomoucine that displays selectivity toward Cdk5 in neuronal tissues (Johnson et al., 2005) , also reduced specific [
3 H]DA uptake in a concentration-dependent manner (Fig. 1D) . Comparatively speaking, the uptake-reducing ability of GW8510 was greater in effect (88% inhibition at 100 M) and more potent (IC 50 ϭ 7 M) than that of the other Cdk5 inhibitors. Specific [ 3 H]DA uptake was unaffected in samples treated with vehicle (0.1 or 0.2% DMSO, used only in studies with 100 M inhibitor), relative to untreated control samples (data not shown).
We next wanted to test the specificity of the effect of roscovitine on reduced DAT activity. To exclude an effect on generalized membrane-bound transport processes by roscovitine, we incubated dSTR synaptosomes with roscovitine (30 M) for 30 min before the addition of tritium-labeled amino acids. Roscovitine did not affect the specific uptake of either [ 3 H]alanine or [ 3 H]leucine (data not shown). Because roscovitine has been shown to inhibit purified MAPK isoforms, with an IC 50 ϭ 14 to 34 M (Meijer et al., 1997) , and inhibition of MAPK, which is constitutively active in dSTR synaptosomes, reduces specific [ 3 H]DA uptake into striatal synaptosomes (Morón et al., 2003) , we also measured the levels of phospho-MAPK to determine whether similar treatment with roscovitine had any effect on its activation. However, roscovitine did not affect the ratio of phospho-MAPK:total MAPK (data not shown).
We next measured the ability of roscovitine, olomoucine, isoolomoucine, and GW8510 to competitively displace binding of the cocaine analog [ Fig. 2A) , increasing concentrations of DMSO (0.00002-0.2%; data not shown) or roscovitine ( Fig. 2A) Fig. 2A) . Iso-olomoucine, the inactive congener of olomoucine, also partially displaced [ 3 H]WIN35,428 binding and with a slightly higher predicted apparent affinity (predicted IC 50 Ͼ 60 M) than that observed for olomoucine ( Fig. 2A) . To (Fig. 2B) Because decreases in V max are suggestive of reduced cellsurface DAT expression, we investigated the effect of roscovitine on cell-surface DAT levels in dSTR synaptosomes by cross-linking surface DATs with sulfo-NHS-biotin. It was surprising that a 30-min exposure to roscovitine (30 M) failed to alter the level of cell-surface DATs [ Fig. 3B ; paired t test: t (3) ϭ 1.09, p Ͻ 0.3550]. Likewise, cell-surface DAT levels in dSTR synaptosomes were unchanged after a 30-min incubation with either 30 M olomoucine or 30 M isoolomoucine (data not shown). It is important that synaptosomal integrity was maintained throughout the biotinylation procedure because PP2A-A ␣/␤, an intracellular protein, was not detected as being biotinylated under any of the conditions (Fig. 3B) . Incubation with vehicle (0.1% DMSO) did not affect the ratio of biotinylated DATs:total DATs, relative to untreated control samples (data not shown).
Roscovitine (Fig. 4A ). Slices were then superfused with vehicle (0.1% DMSO) or 30 M roscovitine (Fig. 4A) for 15 min before, but not during, a second stimulation with AMPH (S2; 20 M, 2.5 min). As shown in Fig. 4B , although there was a trend for a concentration-dependent enhancement of AMPH-stimulated [ 3 H]DA overflow, 30 M roscovitine was the only concentration that produced a significant, ϳ2-fold elevation in the S2/S1 ratio [one-way ANOVA: F (3,14) ϭ 9.71; p Ͻ 0.0020]. The S2/S1 ratio of AMPH-stimulated [ 3 H]DA overflow (ϳ0.7) was unaffected in slices superfused with vehicle (0.1% DMSO), relative to untreated control samples (data not shown). To confirm that the effect of roscovitine was not contingent upon prior exposure to AMPH (20 M) during S1, we also determined the effect of roscovitine in the absence and presence of S1 (Fig. 4C) . Figure 4D shows the summation of fractional [ 3 H]DA release (i.e., release over baseline) for these experi- ments during S1 (left) and S2 (right). Slices that received the same treatment during the S1 period (20-55 min) did not differ in the magnitude of fractional [ 3 H]DA release (Fig. 4D,  left) , but S1 stimulation with AMPH produced a significant increase in [ 3 H]DA overflow relative to slices not stimulated with AMPH [one-way ANOVA: F (3,11) ϭ 27.06; p Ͻ 0.0002]. Regardless of whether or not slices were stimulated with AMPH at S1, roscovitine superfusion produced a significant increase in the magnitude of S2 AMPH-stimulated [ 3 H]DA overflow (Fig. 4D, right) . Two-way ANOVA revealed significant main effects of drug [F (1,8) Because 1) AMPH is a DAT substrate and its ability to promote DAT reverse-transport is sensitive to DAT inhibitors (Sulzer et al., 1995; Kahlig et al., 2005) and 2) roscovitine reduces DAT activity, we hypothesized that concomitant exposure of slices to AMPH (20 M) and roscovitine (30 M) would attenuate AMPH-stimulated [ 3 H]DA overflow. As a positive control, we used the DAT inhibitor nomifensine (10 M). After the first stimulation with AMPH (S1) and 15 min before the time of a second stimulation with AMPH (S2; if included), we began superfusion with vehicle or drug (nomifensine or roscovitine) and continued these treatments 15 min beyond S2 (i.e., 30 min total vehicle/drug superfusion). Before superfusion with nomifensine, slices showed similar levels of [ 3 H]DA overflow after 20 M AMPH-induced S1 [Fig. 5, A (Fig. 5C ). As noted for Fig. 4, C and D, [ 3 H]DA overflow was similar among slices receiving the same treatment during the S1 period but different between slices superfused in the absence versus presence of AMPH [ Fig. 5D , left; one-way ANOVA: F (3,11) ϭ 10.75; p Ͻ 0.0035]. Similar to the 15-min superfusion with roscovitine reported in Fig. 4D , 30-min superfusion with roscovitine produced a significant increase in the magnitude of S2 AMPH-stimulated [ 3 H]DA overflow (Fig. 5D, right) , regardless of whether or not slices were stimulated with AMPH at S1. Two-way ANOVA revealed a significant main effect of drug [F (1,8) ϭ 80.38; p Ͻ 0.0001] but not the presence or absence of S1 AMPH [F (1,8) ϭ 3.17; p Ͻ 0.1131], with no interaction between the two factors [F (1, 8) 
It is interesting that we consistently observed small increases in [
3 H]DA overflow as soon as we began to superfuse the dSTR slices with roscovitine (before S2; Figs. 4, A and C, and 5C). This observation, taken together with our observation that roscovitine potentiated AMPH-stimulated [ (Figs. 4 and 5, C and D) , prompted us to next explore the effect of roscovitine, by itself, on [ 3 H]DA outflow. As observed earlier, similar degrees of AMPH-induced [ 3 H]DA overflow were observed after S1 [Fig. 6, A and B ; one-way ANOVA: F (2,11) ϭ 0.71; p Ͻ 0.5150]. When applied alone, roscovitine (30 M) caused a rapid and robust increase in [ 3 H]DA overflow, which reversed upon cessation of drug superfusion (Fig. 6, A and B) . Next, we wanted to confirm that roscovitine does not promote DAT reverse-transport in dSTR slices. Thus, we measured the effect of concomitant superfusion with nomifensine on roscovitine-stimulated [ 3 H]DA overflow. Although nomifensine prevented AMPH-induced reverse-transport of DAT (Fig. 5A) , roscovitine-induced Because roscovitine has been reported to directly enhance activity-dependent neurotransmitter release mediated by P/Q-type calcium channels (Yan et al., 2002) , we next deter- Roscovitine Reduces hDAT Activity in PAE Cells via a Trafficking-Independent Mechanism That Is Probably Not Mediated by Inhibition of Cdk5. We next used PAE cells stably expressing YFP-HA-hDAT to confirm our finding that roscovitine reduces DAT activity via a trafficking-independent mechanism. To accomplish this, we measured the effect of roscovitine on specific [
3 H]DA uptake and on cell-surface hDAT levels, as monitored by endocytosis assays for DAT trafficking (Sorkina et al., 2006) . Similar to our observations in dSTR synaptosomes, vehicle (0.1% DMSO) did not affect either specific As a positive control, we also exposed PAE cells to the phorbol ester PMA (1 M), which we have shown previously to down-regulate PAE hDAT activity (Sorkina et al., 2005) . After a 30-min PMA incubation, specific [ 3 H]DA uptake was significantly reduced by 49% (Fig. 7A) .
To test whether roscovitine-induced reduction of specific [ 3 H]DA uptake was due to accelerated endocytosis of DATs, the HA11 endocytosis assay was performed in YFP-HAhDAT-PAE cells as described by Sorkina et al. (2006) . In these experiments, endosomes containing internalized HA11: YFP-HA-hDAT complexes were identified by Cy3 fluorescence that colocalizes with YFP fluorescence but that does not colocalize with Cy5 fluorescence (the latter corresponds to YFP-HA-hDAT at the plasma membrane). As seen in Fig.  7B , PMA treatment resulted in the appearance of many endosomes containing endocytosed YFP-HA-hDAT. In contrast to PMA, a 30-min incubation with roscovitine (30 M) did not alter the distribution of Cy5, Cy3 or YFP fluorescence, relative to vehicle-treated cells (Fig. 7B) , again suggesting that roscovitine does not accelerate hDAT endocytosis or down-regulate cell-surface hDAT expression.
To determine whether roscovitine-induced decreases in hDAT activity were, in fact, Cdk5-mediated, we transfected YFP-HA-hDAT expressing PAE cells with siRNA targeted against Cdk5. Seventy-two hours after transfection with 25, 50, or 100 nM Cdk5-siRNA, Cdk5 protein levels were significantly reduced by 83, 86, and 79%, respectively [ Fig. 8A (Fig. 8B) , we note that enhanced variability was seen in vehicle-treated cells transfected with Cdk5-siRNA (Fig. 8B) . NT-siRNA did not affect the level of 
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Cdk5 protein or specific [ 3 H]DA uptake, relative to nontransfected cells (data not shown).
Discussion
Several protein kinases and their inhibitors rapidly regulate DAT trafficking and/or activity. Cdk5 is found in nigrostriatal DA neurons (Smith et al., 2003; Chergui et al., 2004) , but whether it regulates brain DATs had not previously been reported. Here, we show for the first time that 1) Cdk5 inhibitors reduce DAT activity via a mechanism that is independent of DAT trafficking and reverse-transport; 2) the Cdk5 inhibitor roscovitine induces spontaneous [
3 H]DA release from dSTR slices; but 3) the ability of roscovitine to reduce DAT activity is probably independent of Cdk5 inhibition. Therefore, when using such inhibitors, mechanistic conclusions must be drawn with caution. Nevertheless, our findings further support the idea that Cdk5 inhibitors can affect the disposition of DA at the level of striatal DA nerve terminals.
Roscovitine and olomoucine, two commonly used Cdk5 inhibitors, decrease purified Cdk5 activity, with IC 50 values of 0.16 and 3 M, respectively (Meijer et al., 1997) , whereas the structurally dissimilar inhibitor GW8510 reduces neuronal apoptosis, with a predicted IC 50 value Ͻ1 M (Johnson et al., 2005) . Here, roscovitine, olomoucine, and GW8510 all reduced specific [ 3 H]DA uptake into dSTR synaptosomes in a rapid, concentration-dependent manner, but with somewhat lower potencies than reported for Cdk5 inhibition (IC 50 values of 31, 37, and 7 M, respectively). With the exception of roscovitine, the ability of Cdk5 inhibitors to reduce specific [ 3 H]DA uptake was potentially confounded by our finding that concentrations of these inhibitors that reduced [ 3 H]DA uptake also competed with the cocaine analog [ 3 H]WIN35,428 for binding to DATs, suggesting a direct interaction. In addition, iso-olomoucine, IC 50 Ͼ 1 mM for inhibiting Cdk5 activity (Veselý et al., 1994) The roscovitine-mediated reduction of DAT activity seen after a 15-or 30-min preincubation was explained by a significant decrease in the V max of specific DAT-mediated uptake into dSTR synaptosomes. One prominent mechanism of rapid DAT regulation, which is consistent with a reduction in V max , is altered DAT trafficking to and from the plasma membrane (Zahniser and Sorkin, 2009 ). Thus, we were surprised that neither roscovitine nor olomoucine altered cellsurface DAT levels, as measured by either biotinylation assays in dSTR synaptosomes or single-cell endocytosis assays in YFP-HA-hDAT-PAE cells. Based on these findings, it seems likely that roscovitine alters the intrinsic transport properties of DATs. 
